We introduce adhesive force lithography ͑AFL͒, a detachment-based method for patterning metal surface. In this method, all the polymer layer except for the desired pattern gets lifted up from the metal surface. The craze microstructure unique to thin polymer films on the order of 10 2 nm is utilized for this AFL along with a difference in adhesive force at two interfaces. Poly͑urethaneacrylate͒ mold, which has a high enough work of adhesion with polymer, makes AFL effective. This technique is purely additive, fast ͑ϳ10 s contact time͒, and applicable to large area patterning ͑10 cmϫ 10 cm͒.
Metal patterning has traditionally been carried out by photolithography with a polymer resist such as photoresists. With the advent of various nonphotolithographic techniques, the patterning has become much more economical and simpler compared with photolithography. In these unconventional lithographies, the metal patterning could be carried out by direct transfer of the desired metal pattern on a mold onto a substrate.
1-3 Most techniques, however, rely on a resist layer for subsequent etching of the underlying metal layer. Of these methods, there are several techniques [4] [5] [6] [7] in which the metal surface to be etched is exposed after patterning as in photolithography such that direct etching of the metal can be carried out after the patterning. These techniques involve attachment of a polymer layer on the part of the metal surface that is to be protected in subsequent etching.
In this letter, we present a detachment-based method for patterning metal surface. A feature unique to thin polymer film is utilized for the method along with a difference in work of adhesion between two interfaces, which is termed adhesive force lithography ͑AFL͒. In this method, a mold with protruding features is brought into intimate contact with a polymer layer coated over a metal surface that is heated to a temperature above the glass transition temperature ͑T g ͒. After a short contact ͑ϳ10 s͒, the mold is removed. The polymer that was in contact with the protruding features adheres to the mold and gets detached from the metal surface, leaving behind the polymer layer only on the metal surface that is to be protected from subsequent etching.
There are other detachment-based methods reported earlier: lift-up soft lithography 8 and hot lift-off. 9 The lift-up method was used to pattern a polymer electrode of poly͑3,4-ethylene dioxythiophene͒ ͑PEDOT͒ for an organic device. Because of relatively low adhesion of PEDOT with polydimethylsiloxane ͑PDMS͒ mold, the patterning was not successful on metal or indium tin oxide coated surface. The patterning was therefore carried out on a glass substrate with PEDOT mixed with glycerol, the fracture in the layer during the lift-up in this case occurring in the low cohesive material of glycerol. The hot lift-off with an epoxy mold was used to pattern molecular organics typically used in organic devices and it is applicable only to microcrystalline materials of low cohesive force that can easily be fractured along the mold edges. A simple and yet effective method 10 of patterning molecular organics has recently been proposed that is also detachment based. These techniques for patterning the organics cannot be applied to metal patterning since the organics cannot withstand subsequent etching of the metal.
Utilizing a polymer, which is a much better etch resist than any molecular organic, in any detachment-based method poses two major problems. One problem is that a polymer has a much stronger cohesive force than an organic because of entangled chains. Therefore, it is much less likely to be torn or fractured along the edges of the protruding features of a mold than an organic when the mold is lifted up. Thus, there must be a unique characteristic of thin polymer film that would lead to easy fracture of the film, which is one requirement. The other problem has to do with adhesion strength, which requires that the adhesion between polymer and mold should be stronger than that between polymer and substrate. A polymer adheres to a metal surface much stronger than an organic, which makes it difficult to satisfy the requirement.
The second requirement could be satisfied by utilizing a soft poly͑urethaneacrylate͒ ͑PUA͒ mold that has recently been introduced. 11, 12 The soft PUA mold adheres to polymer better than PDMS mold. Furthermore, it has a modulus high enough to withstand the applied pressure, the utility of which will be discussed shortly.
The first requirement has to do with the propagation of craze/crack in the film that leads to the fracture. It is known 13 that the microstructure of a craze in a polymer film strongly depends on the film thickness. Above the film thickness larger than on the order of 10 2 nm, the craze structure is a network of fibrils with the characteristic diameter on the order of 10 1 nm. 14 Below the critical thickness, craze microstructure essentially is a two-dimensional neck ͑fibril͒ and the fibril characteristic size is 50-150 nm, 14 which also corresponds to the wavelength of instability of the propagating craze. 13 It is therefore much easier to crack two-dimensional large fibrils in a thin film than a network of small fibrils in a thick film.
Shown in Fig. 1 is a schematic illustrating AFL. After a thin polymer layer is coated onto the metal surface, a patterned PUA mold is placed on the polymer surface. An external pressure is applied while heated to a temperature higher than the glass transition temperature of the polymer. After a short period of contact ͑ϳ10 s͒, the mold is lifted up after cooling to room temperature. The part of the polymer a͒ Author to whom correspondence should be addressed; electronic mail: honghlee@snu.ac.kr that was in contact with the protruding features of the mold adheres to the mold and removed from the metal surface, leaving behind the desired polymer pattern on the metal surface. As shown in the third frame of Fig. 1 , the part of the polymer layer in contact with the protruding features of the mold pattern is thinned by the applied pressure. Unless the initial thickness of the polymer layer is on the order of 100 nm, the thinning is a necessary condition for the detachment as evident from the discussion on the craze microstructure.
While various polymers can be used for the resist layer such as novolac, polystyrene, and photoresists, we found novolac ͑MnϽ 10 000͒ to be the best resist for subsequent aluminum etching. Typically, a 5 wt% novolac in propylene glycol monomethyl ether acetate ͑PGMEA͒ was spin coated onto the aluminum surface on glass to about 100 nm thickness. Aluminum was deposited on the glass by thermal evaporation to a thickness of 190 nm. After the spin coating, the residual solvent in the polymer film was removed by baking at 60°C for 1 h. The PUA mold was prepared according to the procedure detailed in Ref. 11 . The patterning by AFL was carried out at 90°C, which is higher than the glass transition temperature of 75°C at a pressure of 2 kg/cm 2 . After a contact time of 10 s, the PUA mold was removed after cooling to room temperature. Shown in Fig. 2 is the novolac layer patterned by AFL. In Fig. 2͑a͒ , the dark parts are the polymer pattern formed. A magnification of the pattern at the metal-polymer boundary is shown in Fig. 2͑b͒ while an atomic force micrograph ͑AFM͒ of the boundary is given in Fig. 2͑c͒ along with an AFM sectional profile. The sectional profile shows that the polymer edge is relatively sharp and the polymer thickness is about 100 nm.
For a given polymer film, AFL relies on a difference in adhesion strength between two interfaces. Referring to Fig.  3͑a͒ , the adhesion force W at the mold-polymer interface, which is 2W 12 L +2W 12 h, must be larger than that at the polymer-substrate interface, which is 2W 23 L, for AFL to be operative where the subscripts 1, 2, and 3 refer to the mold, the polymer, and the substrate, respectively, i.e. 
͑1͒
Noting that L ӷ h, we have the following condition for the operability of AFL:
The work of adhesion can be calculated with a harmonicmean equation. 15 For example, W 12 can be calculated from the following relationship:
where the superscripts d and p are for the dispersion and polar components of the surface tension ␥, respectively. With probe liquids of water and diiodomethane, the contact angles on various substrates were measured ͑DSA 10 Mk2, Krüss͒. These results were in turn used in the expression for W such as Eq. ͑3͒ to calculate the work of adhesion. For the interfaces of interest, the results 16,17 are: W PUA/novolac = 81.7 mJ/ m 2 and W novolac/Aᐉ = 78.2 mJ/ m 2 . It is seen that the condition of Eq. ͑2͒ is satisfied for the patterning of novolac on aluminum. We found experimentally that PDMS mold is not suitable for AFL. The work of adhesion calculated for this case, W PDMS/novolac , is 66.7 mJ/ m 2 , which does not satisfy the condition of Eq. ͑2͒.
In addition to the work of adhesion, the fracture energy of polymer has to be taken into consideration for AFL. For bulk polymer, it is well known 18 that the fracture energy is proportional to the square root of the molecular weight but it increases dramatically with increasing molecular weight when the molecular weight exceeds a critical molecular weight. This molecular dependence 18 is shown in Fig. 3͑b͒ for a well characterized polymer of polystyrene ͑PS͒, for which the critical molecular weight is 33 000. In view of the craze microstructure discussed earlier for thin films, the actual fracture energy for the thin films would be much smaller than that shown in the figure for the bulk polymer. Nevertheless, the molecular weight has to be well below the critical molecular weight for AFL to be operative since the polymer film has to be fractured along the edges of the protruding parts of the mold. Given in Fig. 3͑a͒ are the experimental results showing the need for the use of a low molecular weight polymer for AFL. When the molecular weight of PS was 404 200 ͑upper frame͒, no fracture occurred and the polymer layer was lifted up. When the molecular weight was 8500 ͑lower frame͒, the fracture occurred and the patterning was successful.
With an understanding of the mechanism behind AFL, one may wonder how robust and effective the method could be in patterning of metal substrate. Shown in Fig. 4 is the patterning result for a grid pattern of aluminum in which the width of the metal lines is 20 m and the lines enclose metal-free boxes of 100 m ϫ 300 m. The polymer patterning by AFL was carried out with novolac ͑Mn Ͻ 10 000͒. After the patterning, the sample was put into an aluminum-etching solution for 5 min and the patterned polymer was dissolved in PGMEA solvent to remove the resist. Figure 4͑a͒ shows the metal grid thus formed and Fig. 4͑b͒ a magnified cross-sectional scanning electron micrograph ͑SEM͒ of the metal line. The metal film thickness was 190 nm and the initial polymer layer thickness was about 100 nm. This metal grid formed on an area of 10 cm ϫ 10 cm was without apparent defects, shown in Fig. 4͑c͒ .
In summary, a lithography based on the adhesive force of a mold has been presented and applied to metal patterning. For the purpose, PUA mold was used which has a higher work of adhesion than PDMS. The craze microstructure unique to thin polymer films on the order of 10 2 nm is utilized for this AFL. Because of the microstructure, the fracture energy is considerably lowered. Further lowering of the fracture energy with the use of low molecular weight polymer makes AFL effective for metal patterning. While the idea of detaching from metal surface a whole polymer layer except where needed with the adhesive force of the mold seems far-fetched, the method is surprisingly robust and effective as shown by the patterning of an aluminum layer over as wide an area as 10 cmϫ 10 cm without apparent defects. We found that the method is equally effective for patterning other substrates such as indium tin oxide, silicon, and glass. 
